contact inhibition and substrate detachment can induce autophagy (Otsuka and Moskowitz, 1978 ; Papadopoulos and . In addition, the human homolog of ATG6, beclin 1, is a haploinsufficient tumor suppressor which both suppresses cell growth and promotes autophagy (Liang et al., 1999; Qu et al., 2003) . Finally, reduced autophagic activity has been observed in a number of transformed or tumor-derived cell lines (Furuya et al., 2004) . Together, these results suggest that modulation of autophagy rates may be an important mechanism of regulating cell growth. However, the relative contribution to growth regulation made by autophagy or other effector pathways downstream of TOR has not been directly tested.
Here we examine the regulation of autophagy by PI3K and TOR signaling in Drosophila, and we describe the role of autophagy in mediating the effects of these pathways on cell growth and metabolism. We find that starvation induces autophagy in the larval fat body, a nutrient storage organ analogous to the vertebrate liver, and that this requires conserved components of the ATG machinery. Our studies demonstrate an S6K-independent role for TOR in suppressing starvation-induced autophagy and reveal a requirement for autophagy in maintaining growth and survival in cells lacking TOR.
Results

Starvation Rapidly Induces Autophagy in the Larval Fat Body
In late larval stages and during metamorphosis, cytoplasmic components within the fat body are degraded by autophagy to provide nutrients to developing imaginal tissues (Butterworth et of lysosomes within 3 hr ( Figure 1B) . Double membranebound vesicles containing undigested cytoplasmic material were often observed adjacent to these enlarged The marked increase in autolysosomal content of fat body cells in response to starvation prompted us to lysosomes ( Figure 1C) , typical of autophagosomes just prior to lysosomal fusion. In addition, the lysosomes examine whether such changes could be observed in live tissues using fluorescent lysosomal markers. Fat were filled with partially degraded material, and in many cases intact organelles such as mitochondria could be body dissected from fed animals failed to incorporate LysoTracker Red ( Figure 1E ; quantitation of all lysoidentified within ( Figure 1D ), thereby identifying them as autolysosomes arising from autophagy. Thus, starvation tracker data is shown in Figure 2B ), or occasionally displayed faint, diffuse staining. In contrast, fat body from induces a rapid, robust autophagic response in fat body cells, which may account for many of the previously starved animals displayed intense, punctate lysotracker staining in all cells ( Figure 1F ). These punctate structures described changes in fat body morphology. serves as a useful, albeit indirect assay of autophagy in this organ. In other tissues, such as salivary gland and gut, punctate lysotracker staining was observed in both fed and starved animals (data not shown), presumably indicating a higher rate of constitutive lysosomal activity in these tissues. To determine whether starvation induces autophagy through inactivation of TOR signaling, we examined lysosomal staining and structure in fed TOR null mutant animals. Both lysotracker staining and ultrastructural analysis revealed the presence of abundant autolysosomes in the fat body of TOR mutants, regardless of nutrient conditions ( Figures 3A and 3B) . The size and staining intensity of individual autolysosomes in TOR mutants was less than that observed in 3 hr starved wild-type samples (compare Figure 1F Clonal overexpression of TSC1 and TSC2 or the dominant-negative TOR TED truncation mutant in well-fed animals resulted in strong, punctate lysotracker staining first appeared after 1 hr of starvation and reached maximal levels at approximately 4 hr. After 24 hr starvation, specifically within the marked clones ( Figures 2B and  3C ), indicating that induction of autophagy in response punctate staining was still observed, although its intensity was somewhat decreased from peak levels (data to loss of TOR signaling is a cell-autonomous effect. Interestingly, when TOR signaling was clonally inactinot shown). Similar staining was observed in starved animals whether or not a carbohydrate source was provated in starved animals, nonautonomous suppression of lysotracker staining was often observed in wild-type vided (starvation in 20% sucrose versus PBS) and was fully reversible upon return to normal food. Thus, due cells surrounding the clone (Figure 3D ), suggesting these cells may be rescued from starvation by mobilizato the low level of lysosomal activity in the fat body under fed conditions, and the rapid formation of autolytion of nutrients from their neighbors. We also tested whether activation of TOR signaling sosomes in response to starvation, lysotracker staining ., 2000) . These results to ATG8 (Supplemental Table S1 ), which we denote here suggest that partial downregulation of S6K activity in as ATG8a (CG32672) and ATG8b (CG12334). We generresponse to chronic starvation or loss of TOR signaling ated transgenic lines expressing heatshock-inducible may limit the extent of autophagy under these condi-GFP fusions with these proteins, and found that both tions. We have shown previously that TOR mutant aniATG8a and ATG8b mobilized from an evenly dispersed mals can be rescued to adulthood by ubiquitous expression of activated S6K (Zhang et al., 2000) . These rescued localization in fed animals to a punctate pattern of dots 
TOR/PI3K
Role of Autophagy in TOR Signaling
We hypothesized two potential physiological functions ATG8b with lysotracker, from 4% colocalization at 2 hr starvation (n ϭ 650 GFP punctae in 13 samples) to 53%
for autophagy in cells with reduced TOR signaling. First, autophagy may contribute to the reduction of cell growth at 4 hr starvation (n ϭ 153 GFP punctae in 10 samples), in response to TOR inactivation, through catabolic breakbody was substantially rescued by clonal expression of activated S6K (Figure 6D) , despite the high level of down of cytoplasmic components. In this model, autophagy acts as a negative effector of TOR's growth autophagy in these cells ( Figure 4F ). Together, these results indicate that the reduced growth of TOR mutant function, and mutations that disrupt autophagy would be predicted to partially rescue the reduced growth of cells is not caused by induction of autophagy, but rather that autophagy is required in these cells to maintain TOR mutants. A second potential role for autophagy stems from observations that TOR promotes nutrient cell size. We also examined the lethal phase of TOR and ATG1 uptake (Edinger and Thompson, 2002) , suggesting that autophagy may be necessary to maintain viability or single and double mutants. Whereas TOR or ATG1 null mutants survived to late larval or pupal stages, respecnormal metabolism in TOR mutant cells, despite the presence of extracellular nutrients. If this were the case, tively, animals doubly mutant for these genes were embryonic lethal ( Figure 6E ). Consistent with this, hyperdisruption of autophagy should increase the severity of TOR mutant phenotypes. sensitivity to starvation was observed upon disruption of autophagy, either throughout the entire animal by To distinguish between these possibilities, we simul-ATG1 mutation ( Figure 6F ) or specifically in the fat body taneously inactivated TOR and prevented autophagy in through targeted expression of ATG5-RNAi ( Figure 6G ), a number of contexts. First, we examined the conseindicating that, as in yeast, autophagy promotes survival quences of ubiquitous inhibition of autophagy in TOR during starvation. Taken together, these results indicate mutant animals. Whereas constitutive induction of ATG5 that autophagy is required to ameliorate the negative RNAi had no significant effect on the size or growth rate effects of loss of TOR signaling in the fat body, and that of wild-type animals, it was catastrophic in TOR null this role is dominant over its potential function as a mutants, arresting development at a size 6-fold smaller growth suppressor. than that of TOR mutants ( Figure 6A) . Furthermore, inhibition of ATG5 caused hypersensitivity to rapamycin, Discussion resulting in an increased developmental delay compared to wild-type animals in the presence of the drug ( Figure 6B) . Significantly, whereas RNAi against ATG5 Autophagy Ameliorates the Effects of TOR Inactivation had no effect on cell size in a wild-type background, clonal induction of ATG5 RNAi in TOR mutants caused Autophagy likely evolved in single-cell eukaryotes to provide an energy and nutrient source allowing tempoa further 2-fold decrease in cell size ( Figure 6C ). In contrast, the reduced size of TOR mutant cells in the fat rary survival of starvation. In yeast, Tor1 and Tor2 act as direct links between nutrient conditions and cell metabolism. These proteins sense nutritional status by an unknown mechanism, and effect a variety of starvation responses including changes in transcriptional and translational programs, nutrient import, protein and mRNA stability, cell cycle arrest, and induction of autophagy (Jacinto and Hall, 2003). Autophagy thus occurs in the context of a comprehensive reorganization of cellular activities aimed at surviving low nutrient levels. In multicellular organisms, TOR is thought to have retained its role as a nutrient sensor but has also adopted new functions in regulating and responding to growth factor signaling pathways and developmental programs (Jacinto and Hall, 2003). Thus in a variety of signaling, developmental, and disease contexts, TOR activity can be regulated independently of nutritional conditions. In these cases, autophagy may be induced companied by the regulated release of nutrients through
